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doi:10.1016/j.jtcvs.2005.10.055bjective: In some randomized studies, stentless aortic valves have demonstrated
emodynamic advantages in comparison with stented prostheses. The effect of more
hysiologic flow dynamics on coronary artery flow has not been investigated yet.
his study compares coronary perfusion after aortic valve replacement with stented
r stentless porcine bioprostheses in a prospective randomized study.
ethods: A total of 24 patients (73  6 years) referred for treatment of aortic
tenosis were randomized to aortic valve replacement with stented (Medtronic
osaic; (Medtronic Inc, Minneapolis, Minn) or stentless (Medtronic Freestyle;
edtronic Inc) prostheses. Coronary flow was measured by means of magnetic
esonance imaging preoperatively, 5 days after the operation, and 6 months post-
peratively, then with evaluation of coronary flow reserve. Echocardiography was
erformed to quantify transvalvular gradients and left ventricular mass regression.
esults: Coronary flow increased in both groups significantly (P .001) after aortic
alve replacement. This increase was higher in the stentless group compared with
hat seen in the stented group (343  137 vs 221  66 mL/min). Also, coronary
ow reserve was higher for stentless valves (3.4  0.3 for stentless valves and
.3  0.1 for stented valves). Mean pressure gradients for Freestyle valves were
ower (10  4 and 8  3 mm Hg, respectively, vs 19  6 postoperatively and
5  4 mm Hg at follow-up for Mosaic valves, P  .05). Left ventricular mass
egression was similar in both groups.
onclusions: Normalization of coronary artery flow after aortic valve replacement
or aortic stenosis was more pronounced for stentless valves compared with stented
alves. The fact that the stentless design also demonstrated a superior hemodynamic
erformance with lower pressure gradients might be explained by the design being
loser to physiologic anatomy and thus the presence of lower turbulence levels in
he sinuses of Valsalva.
ong-term mortality is increased in patients after aortic valve replacement
(AVR) compared with that in the normal population.1-3 Findings from trial
conducted in the 1970s and 1980s seemed to demonstrate that valve design
id not influence long-term outcome, but recent studies observed varying mortalities
etween different stented biologic valve substitutes, which could not be explained
y differences in structural deterioration and hemodynamic performance alon4,5
herefore other factors might contribute to the increased long-term mortality in
atients undergoing AVR, which have not been investigated in detail thus far. With
espect to valve-related complications, chronic coronary hypoperfusion or reduced
oronary reserve might be one of the causes of sudden cardiac death or arrhythmia.
urthermore, deteriorating left ventricular function is common after AVR6 and
ight be related to insufficient coronary flow. Previous experimental studies
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CDhowed that postoperative coronary flow and coronary re-
erve is dependent on valve design and orientation. None of
he tested aortic valve prostheses allowed for physiologic
oronary flow rates.7-10
The aim of this prospective randomized study was to
ompare the hemodynamic performance of 2 biologic
alves in patients undergoing AVR for aortic stenosis. We
ompared the stented Medtronic Mosaic and the stentless
edtronic Freestyle (Medtronic Inc, Minneapolis, Minn)
rostheses and evaluated the acute and chronic changes in
oronary artery flow, coronary flow reserve, hemodynamic
utcome, and regression of left ventricular mass (LVM).
Noninvasive measurement of coronary perfusion rates in
ivo can be performed either by using echocardiography or
agnetic resonance imaging (MRI) scanning. Echocardiog-
aphy is frequently limited by impaired postoperative con-
itions of analysis. Therefore we chose MRI scanning,
hich provides a more objective measurement of right and
eft coronary artery flow rates without additional exposure
o x-rays.11
ethods
rom March 2003 through April 2004, 24 consecutive patients
mean age, 73  6 years) undergoing AVR were included in this
rospective randomized study. Patients had severe aortic stenosis
maximum gradient of 50 mm Hg or aortic valve area of 1.0
m2), no patient had more than minimal aortic regurgitation, and
ll patients had angiographically normal coronary arteries. Exclu-
ion criteria included active endocarditis, emergency operation,
nd a history of coronary artery disease, as well as myocardial
nfarction.
All patients provided written informed consent before inclusion
n the study. The study and consent form were approved by the
ocal ethics committee.
All patients underwent transthoracic echocardiography and
RI scanning on the day of admission, before discharge, and at a
-month follow-up. The MRI scan was used to measure coronary
ow rates and dynamics. Additional measurement of adenosine-
nduced coronary flow reserve (140 g · kg1 · min1 adenosine
ver 7 minutes) was performed at the follow-up MRI. Rate pres-
ure product (RPP) as the product of heart rate multiplied by left
entricular pressure (systolic blood pressure plus systolic transval-
ular gradient) was calculated as an indicator of myocardial oxy-
en demand. The intention was to exclude increased cardiac work
Abbreviations and Acronyms
AVR  aortic valve replacement
LVM  left ventricular mass
MRI magnetic resonance imaging
NYHA New York Heart Association
RPP  rate pressure productoad as the cause of increased coronary flow rates. o
84 The Journal of Thoracic and Cardiovascular Surgery ● ApriEchocardiography was used to evaluate the hemodynamics of
he valves and LVM regression. At the follow-up visits, additional
linical evaluation was performed.
chocardiography
chocardiography was performed according to American Society
f Echocardiography guidelines with a Wingmed Vivid 5 cardiac
ltrasound scanner (GE Medicals, Fairfield, Conn). Continuous-
ave Doppler scanning was used to derive peak transvalvular
ressure gradients across the aortic valve (peak AVG). Aortic
alve area was calculated according to the American College of
ardiology/American Heart Association guidelines to determine
everity of aortic stenosis. Left ventricular ejection time was
easured on the continuous-wave Doppler trace from opening to
losing of the aortic valve. The mean of 3 separate readings was
sed for each parameter. All data collected were entered in a
entral database.
ardiovascular Magnetic Resonance (MRI Scan)
atients were examined in a 1.5-Tesla system (Magnetom Sonata,
aestro Class; Siemens, Erlangen, Germany) in supine position by
sing thoracic surface coils. The examination started with a set of
ransverse and double oblique scout images to localize the coro-
ary arteries. Subsequently, a retrospectively electrocardiography–
ated, breath-hold, phase-contrast flash sequence with high tem-
oral and spatial resolution was used to acquire flow data. These
equences were oriented perpendicularly to the left (segment 5)
nd right (segment 1) coronary artery main stems. Resulting cine
agnetic Resonance Imaging flow data sets included rephased,
agnitude, and phase images and were segmented manually by
sing the ARGUS flow analysis software (Siemen AG, Erlangen,
ermany). According to the measured velocities at every time
rame, velocity and flow curves were generated and analyzed. The
reoperative measured values of coronary flow for each individual
atient were set as 100% values. The postoperative values were
hen related to these preoperative flow rates. Coronary flow reserve
as calculated as the ratio between maximum and rest coronary
ow rates.
Additionally, the distance of the coronary flow velocity peak to
he R-wave was measured, representing the time of maximal
oronary flow in relation to systole and diastole.
Patients were randomized to receive a porcine bioprosthesis,
ither a stented Medtronic Mosaic or a stentless Medtronic Free-
tyle prosthesis. Both valves undergo identical processing with
ero-pressure cusp fixation and amino-oleic-acid anticalcification
reatment, and therefore the only difference between the 2 valves
s the use of a stent in Mosaic valves.
Intraoperatively, patients were excluded from the study if the
ortic root wall had severe calcifications that could not be removed
urgically, thus making implantation of a stentless valve impossi-
le, or if the aortic root was dilated.
urgical Technique
total of 9 surgeons performed the operations. All patients had
etrograde cold blood cardioplegia and carbon dioxide insufflation
f the open chest for organ protection. Access to the aortic valve
as gained through a transverse aortotomy. After complete resection
f the native aortic valve and debridement of the aortic annulus,
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A
CDccurate sizing was carried out with the original Medtronic sizers for
he Freestyle stentless and Mosaic stented valves. Freestyle valves
ere implanted in the modified subcoronary position, leaving the
oncoronary prosthetic sinus intact, by using single Ethibond 4-0
utures for the proximal and a running Prolene 4-0 suture for the
istal anastomoses. The Medtronic Mosaic stented valves were
mplanted in a supra-annular fashion by using pledget-armed U-
igure 1. Coronary artery flow pattern in a patient with aortic
tenosis preoperatively. During systole, reversed coronary flow
as observed (arrow) ; during diastole, a double peak of flow
elocities occurred; and distance of highest flow velocities
ABLE 1. Preoperative patient characteristics
Mosaic Freestyle P value
ale sex 5 5 .89
emale sex 7 7 .89
ge (y) 76 6 71  7 .52
SA 1.90  0.1 1.85 0.2 .54
ngina pectoris 6 7 .97
ypertension 7 7 .90
trial fibrillation 3 2 .72
reoperative mean gradient
(mm Hg)
69  22 73 14 .31
YHA class 3.5 0.5 3.5 0.4 .91
oronary flow, RCA (mL/min) 65 21 60 30 .52
oronary flow, LCA (mL/min) 90 33 94 31 .32
reoperative ejection
fraction (%)
60  10 52 5 .94
SA, Body surface area; NYHA, New York Heart Association; RCA, right
oronary artery; LCA, left coronary artery.rom the R-wave (indicated by the ruler) was measured. C
The Journal of Thoracictitches with Ethibond 2-0 sutures. Bites were taken from the
entricular to the aortic side of the annulus.
tatistical Methods
s a first step of statistical analysis, Gaussian normal distributions
f results obtained for hemodynamic parameters and coronary flow
ates were tested by using the Dallal-Wilkinson corrected and
olmogoroff-Smirnoff test. Data were compiled and analyzed
ith Microsoft Excel (Redmond, Wash) and Statview (Cary, NC)
oftware. The baseline characteristics and hospital outcomes for
he 2 groups were compared by using 2 or Fisher exact tests for
ategoric data and Mann-Whitney U tests for continuous variables.
esults are reported as the mean  standard deviation in text and
ables.
esults
reoperative coronary artery flow and also other clinical
haracteristics, including age, sex, body surface area, ejec-
ion fraction, New York Heart Association (NYHA) func-
ional class, and cardiovascular risk factors, were compara-
le in the 2 groups (Table 1). Coronary flow rates v
istinctly between individuals, but mean and median values
ere similar in the stentless and stented groups. Evaluation
f the coronary perfusion pattern demonstrated a pathologic
arly flow velocity peak and even partially reversed flow
uring systole (Figure 1). RPP was 20,031  4855
eats/min · mmHg, again with no difference between
roups.
Table 2 summarizes the operative data. Crossclamp tim
nd cardiopulmonary bypass times were significantly longer in
he Freestyle stentless valve group. The mean valve size was
3 1.2 mm for the stented group and 23.5 1.1 mm for the
tentless group. Because only the stentless sizers were metric,
osaic sizes had to be converted into their metric va12
hich was 20.6 1.0 mm. Severe patient-prosthesis mismatch
as not observed in any patient, moderate mismatch occurred
n 2 stented patients, and mild mismatch occurred in 6
osaic and 4 Freestyle patients. The remaining 12 patients
id not demonstrate any patient-prosthesis mismatch, and
ABLE 2. Intraoperative data
Mosaic Freestyle P value
PB time (min) 84 19 105  13 .013
rossclamp time (min) 58 10 76  9 .001
mplantation technique Supra-annular Modified
subcoronary
alve size (mm)
21 2 2
23 6 4
25 3 4
27 1 1
29 — 1PB, Cardiopulmonary bypass.
and Cardiovascular Surgery ● Volume 131, Number 4 885
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A
CDean indexed effective orifice area was 0.95  0.2 for
tentless and 0.77  0.09 for stented valves.
The discharge MRI evaluation of coronary flow revealed
significant increase in coronary flow for the left and right
oronary arteries for each individual patient (P  .01). The
eft coronary artery flow increased to 223%  43% in the
tentless group (related to the preoperative values) versus
43%  29% in the stented group; the right coronary artery
ow increased to 265%  33% of preoperative levels for
tentless versus 203%  34% for stented valves (Figure 
hus the difference in favor of the stentless group was
ighly significant (P  .01). At the follow-up examination,
oronary flow rates were lower compared with the discharge
valuation (mean, 144%  35%), with the difference be-
igure 2. Comparison of preoperative and postoperative coronary
rtery flow rates for stented (Mosaic) and stentless (Freestyle)
alves in the left (LCA, A) and right coronary arteries (RCA, B).
reoperative flow rates were set as 100%, and a significant
ncrease was observed for both valves postoperatively. Flow
ates were significantly higher for stentless valves both in the left
nd right coronary arteries (P < .01).ween the valve groups being maintained. Coronary reserve 6
86 The Journal of Thoracic and Cardiovascular Surgery ● Aprinduced by adenosine was 3.4  0.3 for stentless and 2.3 
.1 for stented valves (normal, 2.5).
The coronary flow pattern changed in both groups post-
peratively toward a more diastolic velocity peak of perfu-
ion, with no more reversed systolic coronary flow. In the
tented group the distance of the velocity peak of coronary
ow to the R-Wave was 400 ms preoperatively and 550 ms
ostoperatively. In the stentless group the preoperative
alue of 500 ms preoperatively increased to 570 ms post-
peratively. There was no significance between the 2 valve
roups. No correlation was seen between indexed effective
rifice area (effective orifice area/body surface area) and
ncrease in coronary flow (Figure 3).
All echocardiographic results are summarized in Tabl
ean gradients for Freestyle valves were significantly
ower at discharge and at 6-month follow-up (P  .05).
VM index regressed significantly in both groups over
ime. However, there were no significant differences in
VM regression between the groups at either discharge or 6
onths postoperatively, although a trend toward more pro-
ounced LVM regression was seen for Freestyle valves.
RPP decreased for all patients toward normal values
Freestyle, 9124  1002 beats/min · mmHg; Mosaic,
0,489  1120 beats/min · mmHg).
The overall rate of perioperative complications was low
n both groups. In the stentless group we observed a case of
trioventricular block of grade III with the need for implan-
ation of a DDD pacemaker. In the stented group there was
case of pericardial effusion, which was treated with med-
cation alone. There was no case of severe clinical events or
eath in either group either perioperatively or until the
igure 3. Relation between indexed effective orifice area and
ncrease in coronary flow for the 2 valves. No correlation could
e detected.-month follow-up.
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A
CDNYHA classification improved in all patients (mean of
.5  0.5 for stentless and 1.7  0.4 for stented valves at
ollow-up), and no patient was in NYHA class IV.
iscussion
VR with a biologic prosthesis is the treatment of choice in
atients over the age of 65 years with a significant aortic
alve stenosis. Despite excellent early postoperative out-
ome, long-term survival is not satisfactory, with survival
ates as low as 36% after 12 years.5 In several studies th
ong-term mortality after AVR was higher compared with
hat seen in a matched patient population.13,14
Patients with severe aortic stenosis present with a high
ncidence of angina pectoris as a clinical symptom.15,16
any hemodynamically unfavorable changes in this disease
ontribute to dysfunction of the coronary macrocirculation
nd microcirculation, such as left ventricular hypertrophy,
ncluding high left ventricular cavity pressure, low coronary
rtery pressure, increased extravascular compression, re-
uced diastolic perfusion time, and vascular remodeling.
urthermore, the coronary endothelium regulates coronary
lood flow of the epicardial and intramyocardial microcir-
ulation.17 This myocardial blood flow impairment has b
dentified as a strong independent predictor for the progres-
ion of heart failure.18
AVR leads to improvement of coronary artery flow im-
ediately but not to a complete normalization.19 In a pre-
ious animal study, we demonstrated that no mechanical
alve prosthesis could restore the physiologic values of
oronary perfusion measured in a control group with a
ative aortic valve.10 Coronary flow rates depended o
alve design and orientation. The optimal orientation with
espect to hemodynamics also resulted in coronary perfu-
ion rates closest to normal physiology. This correlation
etween systolic performance and coronary perfusion was
xplained by low levels of turbulence downstream during
ystole, which also affects diastolic backflow. Thus the
ptimally oriented valve allowing normal diastolic regurgi-
ation into the sinuses of Valsalva also provided the highest
oronary artery flow rates.
The current prospective randomized study was designed
ABLE 3. Postoperative echocardiographic data
Mosaic Freestyle P value
ean gradient (mm Hg) at
discharge
17  5 9  4 .001
ean gradient (mm Hg) at
follow-up
14.8 5.2 8.0  2.5 .001
VM (g/m2) preoperatively 265 56 276  65 .723
VM (g/m2) at discharge 260 54 265  70 .72
VM (g/m2) at follow-up 191 54 159  70 .060
VM, Left ventricular mass.o investigate the clinical effect of the findings in our s
The Journal of Thoracicrevious animal setting for bioprosthetic valves. The 2
roups were comparable with respect to their preoperative
linical characteristics. The preoperative MRI scan demon-
trated a disturbed coronary flow pattern, with even reversed
ow seen during end systole. This observation can be re-
ated on the one hand to a pathologic pressure relation
etween the left ventricle and the ascending aorta and on the
ther hand to Venturi-type suction in the aortic root caused
y highly turbulent flow in aortic stenosis.20
Regarding the operative data, larger stentless valve pros-
heses could be implanted with respect to their metric val-
es, and as expected, longer bypass and crossclamp times
ere observed for the Freestyle valves. This, however, did
ot lead to an increased need for inotropic medication or to
ny perioperative morbidity. The subcoronary implantation
echnique for the Freestyle stentless valve was chosen to
etain the normal patient sinus geometry with the stent in
osaic prostheses, being the only variable remaining between
he 2 valves. A full root replacement would have changed not
nly the geometry of the sinuses of Valsalva and the coronary
rtery origin but also aortic wall compliance.
Postoperatively, we observed low morbidity and also a
omparable postoperative course in both groups, with lower
ransvalvular pressure gradients in the stentless group, as
escribed in previous studies. For both groups, pressure
radients further decreased during the follow-up period of 6
onths, with the superiority of stentless valves remaining
ignificant. At follow-up, we also documented a significant
egression of LVM index in all patients, with a nonsignifi-
ant trend for better LVM regression in the stentless group,
PP as a marker for myocardial oxygen demand, and lower
ardiac work load for the patients receiving Freestyle
alves.
Coronary flow rates increased significantly after AVR in
ach individual patient, and a pathologic reversed flow
attern could not be observed postoperatively. Stentless
alves demonstrated significantly higher perfusion rates at
ischarge and follow-up. The decrease of coronary perfu-
ion rates 6 months postoperatively can be explained by the
VM regression and normalization of cardiac output com-
ared with the hyperdynamic phase immediately after the
peration. Patients receiving stentless valves now showed a
ormal flow reserve, whereas those receiving stented valves
emonstrated slightly reduced flow reserve. Thus the valve
orrecting the pressure difference between the left ventricle
nd the aortic root best provided the most physiologic
oronary flow as well. The low resistance to transvalvular
ow reducing the intraventricular pressure might be the
ost important contributor to this result.
No correlation was seen between valve size and coronary
erfusion rates, and therefore the fact that larger stentless
alves were implanted (especially with respect to the metric
ize) could not account for the more physiologic flow dy-
and Cardiovascular Surgery ● Volume 131, Number 4 887
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A
CDamics postoperatively. Also, severity of patient-prosthesis
ismatch did not correlate with postoperative flow rates.
The effect of flow dynamics in the sinuses of Valsalva on
oronary flow was recently demonstrated by Miller and
olleagues21 for patients who had undergone aortic va
epair with different techniques of T. David4 operations.
herefore not only the quantity of the pressure gradient but
lso the quality of transvalvular flow is important for cor-
nary artery flow. Preserved annular flexibility was the main
ifference between our 2 study groups; this design feature
llows active dilatation of the annulus, at least to an extent
loser to normal physiology compared with a stented valve.
ctive annulus motion and its effect on flow dynamics has
ecently been demonstrated by Duran’s group.22
A superior hemodynamic performance in combination
ith increased coronary artery flow and a normal flow re-
erve might contribute to the observed lower midterm mortal-
ty that has been reported for stentless valve designs.23
As a major result, this study draws attention on the
nfluence of the type of aortic valve prosthesis on coronary
erfusion. This property should be included in investiga-
ions regarding the hemodynamic performance of mechan-
cal and biologic valve prostheses in the future and its effect
n late myocardial morbidity and survival rates.
There are some limitations in this study. In this pilot
roject we have included a small number of patients. Other
imitations are the relatively short duration of follow-up
nd, in part, the negative effect of postoperative arrhythmia
n MRI quality postoperatively. Atrial fibrillation at the time
f MRI scanning was present in 3 patients in the stentless
roup and 2 patients in the stented group, and rate control was
chieved in all patients before the MRI scan by using antiar-
hythmic medication. Fortunately, these patients did not dem-
nstrate arrhythmias at the follow-up examination.
From the surgical perspective, longer follow-up periods
nd a larger number of patients are necessary to purport any
ong-term advantage of better flow pattern and higher flow
elocity in different valve substitutes.
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